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The Plant Genome C ultivated potato, S tuberosum Group Tuberosum, is a vegetatively propagated autotetraploid (2n = 4x = 48). In contrast, most of the wild relatives of potato, which represent sources of genetic variation in potato breeding, are diploid. Interploid hybridization among potato species may be thwarted by reproductive barriers including interspecific pollen-pistil incompatibility and nuclear cytoplasmic male sterility (Camadro et al., 2004) . Dihaploid (2n = 2x = 24) breeding lines derived from tetraploid cultivars have been used in crosses with wild diploid potato species to produce fertile progeny (Rokka, 2009 ). There are two classes of methods commonly used to develop potato dihaploids: (i) in vitro culture of haploid cells or whole organs in which haploid cells are found (i.e., microspore, anther, ovary, and ovule culture) and (ii) parthenogenesis resulting after crosses using pollen from IVP S. tuberosum Group Phureja lines to fertilize tetraploid lines (Hougas and Peloquin, 1957) , a method known as prickle pollination. Fertilization of a tetraploid with an IVP line may trigger the development of gynogenetic dihaploid (2x) embryos; resulting dihaploid plants can be used directly in breeding at the diploid level or subsequently be induced to become tetraploid through various genome-doubling techniques. Alternatively, crosses with tetraploids for breeding at the tetraploid level may be performed if the dihaploids produce 2n gametes at a sufficient frequency (Mok and Peloquin, 1975) .
Inter-and intraspecific crosses are also used to generate haploid maize (Zea mays L.) lines, as anther culture shows low success rates that are often genotype specific. Thus, in vivo haploid production using inducer lines is a common method used by maize breeders to produce haploid plants (Zhang et al., 2008) . Zhang et al. (2008) observed cells from individuals in their haploid maize population with variable chromosome numbers, 'lagged' chromosomes, and micronuclei, supporting the theory that haploids are likely formed via uniparental chromosome elimination, a mitosis-dependent process. Somatic translocation of haploid inducer DNA (also referred to as introgression), in which DNA translocation occurs in somatic cells, was observed in haploid maize derived from in vivo haploid induction. Simple sequence repeat (SSR) analysis using 40 polymorphic SSR markers located on all 10 chromosomes demonstrated that 43.2% of analyzed haploids carried alleles from the inducer (Li et al., 2009) . In this population, higher kernel oil content was found in haploids exhibiting higher translocation frequency relative to those with lower translocation frequency. This suggests that the level of translocation was enough to modify the phenotypes of the progeny with higher translocation frequencies. The number of haploid inducer DNA translocations in gynogenetic progeny was dependent on the parental combination in the cross (Zhao et al., 2013) . Zhao et al. (2013) found a 44-Mb region from the male haploid inducer in a single individual in their population of 36 haploids derived from a cross of Z58 and CAUHOI, but overall, extremely few inducer fragments were discovered. Only five individuals showed a total of six markers that were male inducerspecific according to results from the 50K single nucleotide polymorphism (SNP) array, where 17,905 markers had polymorphisms between Z58 and CAUHOI that could be queried for evidence of translocation. This Z58 ´ CAUHOI population thus differed from their previous population derived from a ZD958 ´ CAUHOI cross, which showed 1.8% somatic translocation frequency (Li et al., 2009) .
Centromere-specific histone H3 (CENH3) has been previously shown to play a role in uniparental chromosome elimination in barley (Hordeum vulgare L. ´ H. bulbosum L.) hybrids (Sanei et al., 2011) . In normal cases, CENH3 is associated with the centromere regions of chromosomes and aids in localization to the kinetochore assembly during mitosis. In unstable crosses, lagging chromosomes that are subject to uniparental chromosome elimination are not associated with CENH3. Sanei et al. (2011) demonstrated that the length of time that male chromosomes were present varied depending on the genotype and environmental conditions but that in their observed cases, chromosomes were eliminated in most embryos within 1 wk in interspecific barley hybrids. Variation in the N-terminal tail of CENH3 has been demonstrated to play a role in its likelihood of triggering haploid production in crosses between mutated versions of CENH3 and wild-type CENH3 (Karimi-Ashtiyani et al., 2015; Kelliher et al., 2016; Ravi and Bondada, 2016) . Uniparental chromosome elimination does not occur when the parents contain matching genotypes of CENH3 (Karimi-Ashtiyani et al., 2015) , suggesting that the propensity for any given cross to result in haploid formation is genotype dependent.
The IVP method for potato dihaploid production, though less labor intensive than tissue culture methods, has limitations. At present, there are three published S. tuberosum Group Phureja haploid inducer lines: IVP48, IVP101, and IVP35 (Ross, 1986) . Previous work demonstrated that DNA from the S. tuberosum Group Phureja line IVP48 integrates into the Tuberosum-derived genome of the embryo (Clulow et al., 1991; Straadt and Rasmussen, 2003; Wilkinson et al., 1995) . Plants fertilized with pollen from IVP48 produced dihaploid seed with IVP48 DNA stably incorporated into the dihaploids, as revealed by genomic in situ hybridization (Wilkinson et al., 1995) . A second haploid inducer, IVP101, showed no evidence of DNA translocations using analysis of IVP101-specific amplified fragment length polymorphism (AFLP) markers (Straadt and Rasmussen, 2003) . However, this phenomenon has not been previously assessed on a genome-wide scale with any IVP line. Potato dihaploids produced through IVP may not be purely composed of genetic material from the maternal tetraploid parent, a result that may complicate molecular and genetic work involving potato dihaploids, depending on the extent of contamination. This pollinator-effect phenomenon, if extensive, may have biological consequences in potato breeding programs. For example, one dihaploid genotype from a S. tuberosum cultivar Pentland Crown ´ IVP48 cross was found to express an IVP48-specific leaf isozyme marker (Clulow et al., 1993) . Furthermore, a previous study found different rates of DNA translocation in dihaploids derived from two different female parents (Clulow and Rousselle-Bourgeois, 1997) . Thus, the amount of translocation that occurs may be dependent on the genotypes of the original cross, and the possibility of this should be taken into account when generating haploids for the purposes of plant breeding, as extensive translocation may result in undesired phenotypes.
To address this gap in knowledge, this study characterized the rate and locations of translocation events in a population of 95 dihaploids produced from a cross between the tetraploid cultivar Superior and the haploid inducer line IVP101. This study explores mechanisms of translocation including its possible connection to open chromatin. The results from this study will inform breeding programs using the IVP method on mechanisms by which IVP lines may altering breeding germplasm.
MATERIALS AND METHODS

Production of Dihaploids
The dihaploid population extracted from Superior was developed through pollination with IVP101. Superior was grown from tubers in the Virginia Tech greenhouses from January to May in 2013 in 11-L pots and provided with supplementary lighting to extend the photoperiod to 16 h. Tubers were removed shortly after initiation to promote flowering. Preanthesis flowers were emasculated and hand pollinated by pollen obtained from IVP101 with an electric toothbrush and tagged for date and number of pollinations. Seeds were extracted from mature fruit and screened for the dominant purple embryo spot indicating IVP101 hybridization (Hermsen and Verdenius, 1973) . Spotless seeds were placed in 25-by 150-mL culture tubes containing 20 mL Murashige & Skoog basal media (3% sucrose, pH 5.7) (Murashige and Skoog. 1962) . After establishment, diploid lines were identified through flow cytometric comparison with Superior and a known diploid standard using a modified Galbraith's buffer as previously described (Owen et al., 1988) . The progeny were named with the convention vt_sup_h and assigned numbers for each individual.
Whole-Genome Sequencing and Quality Filtering IVP101 DNA was extracted from young terminal leaflets using the Promega Wizard Genomic DNA purification kit. For vt_sup_h46, vt_sup_h74, and vt_sup_h89, DNA was isolated from young tissue culture leaf and stem tissue using CTAB method (Saghai-Maroof et al., 1984) . The remaining Superior dihaploid lines' DNA was isolated and Illumina libraries were constructed as described in Hardigan et al. (2016) with a 400 to 500 bp fragment size and sequenced to 150 nucleotides in paired-end mode on the Illumina HiSeq 2500. Read quality was assessed with MultiQC (Ewels et al., 2016) . Cutadapt v1.8.1 (Martin, 2011) was used to remove adapters and polymerase chain reaction primers from the reads and trim bases with quality <10; only reads with a minimum read length of 36 were retained.
Read Depth Analysis
Median read coverage for each DM v4.04 (Hardigan et al., 2016) locus for the Superior dihaploid whole-genome sequencing was generated using the binary alignment map files and HTSlib (http://www.htslib.org/). The alignments for each dihaploid were extracted at each locus and filtered to remove duplicate reads and secondary alignments and keep alignments with a mapping quality score ≥20 or 0. Read depth at each base position at the locus was then calculated from the filtered alignments and the median and mean read depths calculated.
Median read depth in genes was used to calculate whole-genome median depth. This was compared with median read depth on a per chromosome basis, and aneuploidy events were determined by identifying chromosomes with ~1.5´ the median genome depth, which is indicative of trisomy in dihaploids. Homologs with the expected number of chromosomes at the diploid level, in contrast, showed a read depth of ~1´ the median genome depth.
Infinium Array Analysis of Single Nucleotide Polymorphisms
The Superior cultivar, S. tuberosum Group Phureja IVP101, and 40 lines from the dihaploid population, with representation of Superior dihaploids, tetraploid hybrids resulting from 2n Superior egg cells and 2n pollen from IVP101, and lines with aneuploidy, were SNP genotyped with the Infinium 12K V2 Potato Array (da Silva et al., 2017; Ellis et al., 2018) . DNA extracted from leaf tissue was assessed with the Quant-iTTM PicoGreen dsDNA Assay Kit (Invitrogen) and 200 ng of DNA per sample were SNP genotyped. Clusters of SNP genotypes were visualized using the GenomeStudio Software 2.0.3, which includes the Genotyping v2.0.3 and Polyploid Genotyping v2.0.3 modules. Using ploidy clustering for autotetraploid calling (AAAA, AAAB, AABB, ABBB, BBBB), we assigned genotypes based on a five-cluster analysis. Distribution frequency of genotype calls was calculated per clone. For a diploid clone, it is expected that most of genotype calls fall into three classes (AAAA, AABB, BBBB). Triploid Superior progeny and aneuploid lines were confirmed by the high frequency of markers with dosage (AAAB and ABBB) either at the genome level or chromosome-specific level, respectively.
Fluorescence In Situ Hybridization
Root tips harvested from plants grown in a growth chamber were treated with nitrous oxide at a pressure of 160 psi (~10.9 atm) for 20 min, fixed in fixative solution (3 ethanol:1 acetic acid), and kept at −20°C. Root tips were digested using an enzymatic solution (3% cellulase, 1.5% pectinase, and 1% pectolyase) for 1 h at 37°C and slides were prepared using a stirring method (Schubert et al., 2001) . Two oligo-based fluorescence in situ hybridization (FISH) probes were used to identify individual potato chromosomes. The FISH was performed following published protocols (Jiang et al., 1996) . Biotin-and digoxygenin-labeled probes were detected by antibiotin fluorescein (Vector Laboratories) and antidigoxygenin rhodamine (Roche Diagnostics), respectively. Chromosomes were counterstained with 4,6-diamidino-2-phenylindole DAPI in VectaShield antifade solution (Vector Laboratories). The FISH images were captured using a QImaging Retiga EXi Fast 1394 CCD camera attached to an Olympus BX51 epifluorescence microscope. Images were processed with Meta Imaging Series 7.5 software. The final contrast of the images was processed using Adobe Photoshop CS3 software.
Single Nucleotide Polymorphism Calling and Inference of In Vitro Pollinator Somatic Translocation
Reads were aligned to the reference genome DM1-3 v4.04 using BWA-MEM v0.7.11r1034 (Li 2013) . The SNPs were called on the alignment files using the GATK Unified Genotyper v3.5.0 (McKenna et al., 2010 ) with a nominimum confidence threshold for calling and emitting variants and heterozygosity of 0.01. Sites with >5% missing data were removed. Allele depths reported in the variant call format file were used to identify IVP-specific alleles, and any sites where Superior had at least one read supporting the same allele were removed from analysis. Potential copy number variable regions were removed from the analysis by counting the total number of IVP101 and Superior alleles at any given site. If either of the totals was >1.4´ the median genome depth of either parent, the site was eliminated. Additionally, quality filtering based on allele ratios in IVP101 was applied, where sites containing one, two, or three alternate alleles had to comprise at least 25% of the reads at the locus for it to be considered as IVP specific. Common SNP sites between individuals were identified using BEDTools v. 2.25.0 (Quinlan and Hall, 2010) and sites where IVP genotypes contained no alleles matching the Superior tetraploid alleles were called as translocation events. Somatic translocation, or translocation as it is referred to in short, is defined for the purposes of this study as putative exchange of IVP-specific alleles for the Superior dihaploids.
Potato Gene Atlas Gene Expression Enrichment Analyses
Gene expression sets from the reference potato DM1-3 genotype were categorized as described previously (Hardigan et al., 2016) . This gene set included genes upregulated in stress and hormone treatments as well as genes highly expressed in different tissue types and genes categorized as lowly expressed or tissue-specific in expression. Two-sided Fisher's exact tests were conducted using the intersection of translocation sites and the annotated gene location in the potato genome, with genes being counted once if they contained one or more translocations. The P-values were corrected for multiple hypothesis testing using the Bonferroni correction.
Chromatin Immunoprecipitation Sequencing Peak Enrichment
Chromatin immunoprecipitation sequencing (ChIP-seq) peaks from histone 3 lysine 4 dimethylation (H3K4me2) and histone 4 lysine 5 acetylation (H4K5ac) were obtained from Hardigan et al. (2016) . The peaks were intersected with translocation sites. To identify enrichment in each mark, total translocations in each peak in combined leaf and tuber sets for H3K4me2 and H4K5ac were counted, generating a single total for each peak. A Wilcoxon signed rank test was used to look for differences between the number of translocation events in H3K4me2 relative to H4K5ac and in ChIP-seq peaks relative to nonpeak associated genomic regions. Individual lines were used as replicates for the tests. Scaling factors were applied to account for the size of peaks vs. the size of nonpeak DNA. The peak locations were compared with recombination rate in the Superior dihaploid population, which was calculated in MareyMap (Rezvoy et al., 2007) (2018) . The recombination rate was estimated using the LOESS function with a span of 0.1 and degree of 2.
RESULTS AND DISCUSSION
Single Chromosome Aneuploids
The North American tetraploid Superior was used to generate a dihaploid population by prickle pollination using pollen from the haploid inducer IVP101 (see Materials and Methods section). Paired-end Illumina sequencing was performed on Superior, IVP101, and 95 dihaploid progeny resulting from the cross and the reads were aligned to the reference potato genome v 4.04 (Hardigan et al., 2016) . Three putative dihaploid lines, vt_sup_h27, vt_sup_h38, and vt_sup_h57, were suspected to be full tetraploid hybrids because of presence of extensive purple pigmentation in leaves and stems. In these lines, >85% of IVP-specific alleles examined were in a heterozygous state. These three lines were removed from further analysis.
Median read depth for the entire genome in each remaining sample was calculated and compared with median read depth of each chromosome. Using the read depth information, eight lines showed primary trisomy on chromosomes 2, 3, 5, and 8 (Supplemental Fig. S1 ). To confirm the read depth method results, we analyzed a subset of 40 dihaploid samples by genotyping the samples in tetraploid format on the Illumina Infinium V2 Potato 12k SNP array (da Silva et al., 2017); two of the full hybrids were included for additional verification of the whole-genome sequence-derived SNP analyses. As expected, the eight primary trisomic lines showed a skew in heterozygous genotype class frequencies for the specific chromosomes with aneuploidy in comparison to euploid samples. In the trisomic chromosomes, there were more simplex and triplex dosage calls when genotyped using the tetraploid dosage model when compared with the euploids (Supplemental Fig. S2 .A). The pattern was generalized for all the chromosomes in the two full tetraploid hybrid lines (Supplemental Fig. S2.B) .
We additionally verified trisomy in the dihaploid vt_sup_h63 and vt_sup_h1 using FISH (Fig. 1) . Individual chromosomes were identified according to their specific FISH signal distribution using oligo-based FISH probes . The results confirmed the computationally inferred trisomy events in chromosome 8 (Fig. 1A) and chromosome 2 (Fig. 1B ) of vt_sup_h1 and vt_sup_h63, respectively.
Translocation of IVP101-Specific Alleles in Superior ´
IVP101 Dihaploids
To identify sites in the genome where translocation of IVP101 DNA occurred in dihaploid individuals, we analyzed SNPs in IVP101, Superior, and the Superior dihaploids. Alleles at every site in the genome were scored using read counts, and sites with 5% or more missing data were removed from consideration. The IVP-specific alleles were identified using read counting and comparison of the alleles to the corresponding loci in Superior. A restrictive read-counting threshold of a single IVP allele present in the Superior tetraploid sequence was used to eliminate putative IVP-specific alleles, thereby lowering the false positive rate from low mapping sites in Superior, which would generate false negative calls using conventional genotyping methods. Additionally, regions showing evidence of copy number variation based on read depth were eliminated to remove this potentially confounding variation in the genome. Using these filters, we identified 16,947,718 sites that permit identification of translocation of IVP alleles in the dihaploid population.
Most of the samples showed <1% putative IVP translocation events (Supplemental Table S1 ). Two samples, vt_sup_h30 and vt_sup_h31, showed relatively high levels of IVP translocation with 1.86 and 1.60% IVP-specific alleles present in the lines, respectively. Three other samples, vt_sup_h32, vt_sup_h20, and vt_sup_h21, also showed slightly elevated levels of IVP allele translocation with 0.51, 0.53, and 0.53% translocation, respectively. The locations of the translocations tended to correlate with recombination rate and gene density ( Fig. 2 ; Supplemental Fig. S3 ), suggesting that euchromatin is more susceptible to translocation than heterochromatin. To examine the possibility of "hot spots" in the genome with elevated translocation rates, the rate of translocation was calculated in bins of 1 Mb where the number of translocated SNPs was divided by the assayable sites in each bin. Bins containing at least 2% translocation rate were identified using this method. In addition to the five samples described above with slightly elevated rates of translocation genome-wide, one sample, vt_sup_h89, contained bins in the genome with elevated translocation rates. These samples were further investigated to examine the ratio of alleles at putative translocation sites and their locations in genic and intergenic regions.
The percentage of IVP alleles at translocation sites ranged from 1.20 to 100%, with ~7.76% IVP101 alleles on average (Fig. 3A) . These percentages are suggestive of a gradual chromosome elimination mechanism following fertilization, with most elimination occurring early in embryogenesis. The low ratio indicates that in cells retaining IVP chromosomes, more translocation events occurred after later rounds of mitosis, and not before the asymmetric cell division of the zygote, in which case the mutations would be present in every cell and the ratio of alleles would be 0.5 Superior:0.5 IVP101 (Supplemental Fig. S4 ). In cases where the percentage of IVP alleles is 100%, these may be indicative of gene conversion events or may be a result of low coverage in sequence.
Translocation is More Likely in Euchromatic Regions of the Genome
Of the abovementioned lines that contained regions of the genome with >2% of queried sites showing evidence of IVP Fig. 1 . Fluorescence in situ hybridization of (A) vt_sup_h1 and (B) vt_sup_h63 demonstrating trisomy of chromosomes 8 and 2, respectively. Individual chromosomes were identified using two oligo-FISH based probes (green and red, respectively) . Trisomic homologs are highlighted in the boxes and labeled in the original image with orange arrows. The scale bar represents 5 mm. translocation, ~263,559 SNPs with IVP-specific alleles were found in intergenic regions, 35,516 were found in exons, and 62,883 were found in introns (Fig. 3B) . The genic space of the potato genome covers 13.3% of the genome, thus, it is surprising that 27.2% of IVP translocation sites were found in exons and introns. This result suggests that translocations may be more likely to occur in euchromatic regions of the genome. To further examine the genomic context of where translocations tend to occur, we analyzed the loci for association with genes expressed in different tissues and treatments from the potato gene expression atlas (Massa et al., 2013 ) that were grouped based on overall expression patterns (Hardigan et al., 2016) .
The tissue groups analyzed were divided into highly expressed and lowly expressed genes in tissue-specific sets and nontissue-specific sets. Genes that were highly expressed in all tissues, but were not tissue-specific, showed significantly positive enrichment in translocation events (Fig. 4) . For example, genes highly expressed in reproductive tissues were significantly enriched more than two-fold greater than expected by chance (confident reproductive; two-sided Fisher's exact test, p = 0, odds ratio = 2.31). In contrast, genes that were specifically expressed only in reproductive tissues were not significantly enriched or underenriched (p = 1, odds ratio = 0.95). Tissues with low gene expression were notably significantly underenriched in translocation events (p = 0, odds ratio = 0.35). These results suggest that translocation may occur in regions of open chromatin, while tightly packed chromatin that is not being expressed may be less susceptible to somatic translocation.
Genes responsive to abiotic stress, including wounding, salt, mannitol, heat, and drought treatments, were significantly enriched but not to the same degree as were genes that were highly expressed in different tissues. Wounding stress showed the greatest level of significance (two-sided Fisher's exact test, p = 1.02E-94, odds ratio = 1.41), whereas salt stress was significant but not as highly, and the level of enrichment was less marked (p = 0.0020, odds ratio = 1.08). On a whole, abiotic stress-induced genes were more enriched than biotic stress-induced genes, which did not reach any level of significance (Table 1) . However, because translocation events are likely happening during embryo development, stressresponsive genes may not be directly related to susceptibility to translocation unless these genes are being expressed in the embryo. Hormone-treatment-induced genes, specifically those induced by indole-3 acetic acid (p = 8.57 ´ 10 −5 , odds ratio = 0.86) and 6-benzyladenine (BA) (p = 2.75 ´ 10 −18 , odds ratio = 0.67) were significantly underenriched in translocation events. To explore the concept that open chromatin is more susceptible to translocation events, we used ChIP-seq data from leaves and tubers of the reference genotype DM1-3 (Hardigan et al., 2016) to compare regions of translocation with reference to histone modification status at these loci in the reference potato genome. Histone-3-lysine-4-dimethylation, a marker of transcriptionally potent chromatin, was measured in leaf and tuber tissues, as was H4K5ac, which is associated with active chromatin (Kouzarides, 2007) . The leaf and tuber data sets were combined from each histone mark and ChIPseq peaks were identified.
In total, 221,570 translocations were found in H3K4me2-associated sites and 125,243 translocations were found in H4K5ac-associated sites. The number of translocations per ChIP-seq peak demonstrates that there is a greater incidence of translocation in H3K4me2 sites. However, when multiplied by scaling factors to account for the number of bases spanning each peak type, translocations were found to be statistically more likely to be associated with H4K5ac sites (Wilcoxon signed rank test, p = 3.42 ´ 10 −17 ). As both of these histone modifications are associated with transcription, or sites poised for transcription, a test was conducted to determine if they are more likely to experience translocation in contrast to the rest of the genome. We found that translocations were more likely to be found in H3K4me2-and H4K5ac-associated sites than in the rest of the genome (Wilcoxon signed rank test, p = 1.32 ´ 10 −17 ). This finding further corroborates the hypothesis that translocation is more likely to occur in euchromatin than heterochromatin and, specifically, regions of open active or transcriptionally potent chromatin.
CONCLUSIONS
The haploid inducer line IVP101 has been used extensively in potato breeding to generate gynogenic dihaploid populations for use in diploid crosses. As described in previous literature, other haploid inducer lines in potato, such as IVP48, have been shown to cause extensive changes in genome content as a result of somatic translocation (Wilkinson et al., 1995) . There has been no previous evidence, however, to indicate that IVP101 produced Table 1 . Enrichment of translocation in the potato gene expression atlas. Genes were classified into groups as described in Hardigan et al. (2016) . such changes. This is the first genome-scale study of somatic translocation using IVP101, and it demonstrates that the rate of translocation is remarkably low using this line as a pollinator, yet the phenomenon is still present. Most translocations in this study would likely not have been detected using methods employed by the previous studies because of the low number of observed IVP read counts at translocation sites. For example, Straadt and Rasmussen (2003) found no cases of translocation using AFLP markers in a population of 30 dihaploids created from a Pentland Crown ´ IVP101 cross. Thus, the rate is not directly comparable with the translocations found using IVP48, but we suggest the rate is low in comparison to IVP48. Li et al. (2009) found that 43.2% of maize haploids from a ZD958 ´ CAUHOI cross contained CAUHOI translocations based on SSR analysis, and estimated that on average, 1.84% of the genome of CAUHOI had integrated into the haploids. This rate is similar to the estimate rate for two individuals in the Superior ´ IVP101 dihaploids, which contained an estimated 1.86 and 1.60% translocation rate. However, the study in maize may have identified more loci using a wholegenome sequencing based approach. Within each dihaploid, the presence of IVP-specific alleles at translocation sites was usually observed with read counts representing substantially fewer than 50% of the reads at the loci, which would be expected if the translocation was present in every cell of the sequenced individual. Based on the unbalanced allele ratios observed, we hypothesize that IVP101 chromosomes are eliminated gradually in different cell lineages in each individual dihaploid and that translocation events may occur at any time, generating mosaic individuals with mutations in only subsets of cells.
We observed that translocation tended to occur in genic regions with higher recombination rate and regions of open chromatin as shown by the enrichment of translocation in highly expressed genes and regions of the genome associated with H3K4me2 and H4K5ac. This suggests that, potentially through transcription-coupled repair, IVP101 DNA is used as a template and replaces Superior alleles if DNA damage is detected. Depending on the type of damage incurred, DNA will be repaired by one of several different mechanisms. Single-strand annealing and synthesis-dependent strand annealing are two homologous recombination-based repair mechanisms for double-stranded breaks (Manova and Gruszka, 2015) . If IVP101 DNA is present in the cell and these repair mechanisms are used, IVP101-specific DNA may incorporate into the maternal genome. This would result in a heterozygous SNP at any given location in a single cell. Through a subsequent repair, the IVP101-specific allele could replace the Superior allele, resulting in a gene conversion event. This would explain cases where the IVP allele was present at 100% frequency, though this phenomenon would be better studied with higher-depth, single-cell sequencing.
Finally, the high percentage of aneuploidy in the population (eight individuals out of 95 dihaploids) demonstrates that potato is prone to errors during meiosis. The SNP evidence showed that the extra chromosomes were derived from Superior. In contrast, dihaploids produced from IVP48 have shown aneuploidy in chromosomes because of the retention of IVP48 chromosomes (Clulow et al., 1991) . In combination with the findings regarding somatic translocation, the results suggest that IVP101 is an effective haploid inducer with low rates of translocation relative to other IVP potato lines and that the tetraploid cultivar Superior, and perhaps other cultivars by proxy, is prone to production of aneuploid gametes, which presents another barrier in the process of potato breeding.
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